Contributed by Christophe Benoist, November 28, 2011 (sent for review October 31, 2011) Aire is a transcriptional regulator that induces expression of peripheral tissue antigens (PTA) in thymic medullary epithelial cells (MECs), driving immunological self-tolerance in differentiating T cells. To elucidate its mechanistic pathways, we examined its transcriptional impact in MECs in vivo by microarray analysis with mRNA-spanning probes. This analysis revealed initiation of Aireactivated genes to be comparable in Aire-deficient and wild-type MECs, but with a block to elongation after 50-100 bp in the absence of Aire, suggesting activation by release of stalled polymerases by Aire. In contrast, patterns of activation by transcription factors such as Klf4 were consistent with regulation of initiation. Mapping of Aire and RNA polymerase-II (Pol-II) by ChIP and high-throughput sequencing (ChIP-seq) revealed that Aire bound all Pol-II-rich transcriptional start sites (TSS), irrespective of its eventual effect. However, the genes it preferentially activated were characterized by a relative surfeit of stalled polymerases at the TSS, which resolved once Aire was introduced into cells. Thus, transcript mapping and ChIP-seq data indicate that Aire activates ectopic transcription not through specific recognition of PTA gene promoters but by releasing stalled polymerases.
autoimmunity | thymus T he capacity of T lymphocytes to react to a virtually infinite spectrum of foreign antigens carries as a corollary potential reactivity to self-constituents and, consequently, autoimmunity. Self-reactive T cells are eliminated during maturation in the thymus, requiring that gene products normally expressed only by parenchymal cells of specialized organs be made visible to differentiating thymocytes. The solution to this conundrum seems to be, at least in part, the specialized ability of thymic stromal cells, in particular medullary epithelial cells (MECs), to transcribe a large repertoire of genes encoding these peripheral tissue antigens (PTAs) (1) . This ectopic gene expression is controlled in a large part by the Aire transcription factor, which is expressed almost exclusively in highly differentiated MECs. Mice with an Aire gene defect express only a fraction of the PTA repertoire (2) and develop immune infiltrates and autoantibodies directed at multiple peripheral tissues, as do human patients with a mutated AIRE gene (3) .
Aire is an unusual transcription factor, and a number of observations suggest that it does not function as a classic transactivator. Aire affects the expression of thousands of genes in MECs, which are regulated by very different pathways in peripheral parenchymal tissues (4), with a strong stochastic element as to which individual cell and which of the two chromosomes actually expresses a given PTA (5, 6) . This regulator does not have a clear DNA binding motif, and its transcriptional footprint is highly dependent on the cell type in which it is expressed (7, 8) . Aire binds chromatin through an interaction between its PHD1 domain and the amino-terminal tail of histone H3, but only in its hypomethylated state, a mark associated with poorly transcribed genes (9) (10) (11) (12) .
The precise molecular mechanisms that Aire uses to regulate transcription remain elusive. A large-scale screen based on mass spectrometry of coimmunoprecipitated proteins revealed Aire's connection to factors involved in a number of nuclear processes: chromatin structure/modification, transcriptional elongation, premRNA processing, and nuclear transport (8) . A systematic and large-scale RNAi screen of Aire's transcriptional allies identified a number of previously unrecognized elements of the Aire pathway, with a preponderance of factors involved in transcriptional elongation rather than initiation, consistent with work showing an effect of Aire on elongation in transfection experiments, and an interaction of Aire with P-TEFb (positive transcription elongation factor b) (13) .
Elongation factors might be needed for processive elongation of Pol-II through Aire target genes, or because of an effect of Aire on promoter-proximal Pol-II stalling. Also referred to as poised-polymerase, paused-polymerase, abortive elongation premature termination, this mode of transcriptional regulation was initially thought to apply to special loci with very fast responses to inducers (14, 15) but was more recently recognized to be widespread (16) (17) (18) : initiation occurs constitutively, Pol-II proceeds for 40-50 bp, but is then blocked by the action of dominant pause factors such as DSIF (DRB sensitivity-inducing factor) and NELF (negative elongation factor) (19, 20) . Release from this block, which allows Pol-II to proceed along the gene, confers tissue specificity or inducer specificity (21) (22) (23) . Gene-specific transcription factors can relieve the block by seeding the recruitment or activation of the pause-release factor P-TEFb (24), whose kinase activity phosphorylates DSIF and NELF, dislodging NELF and converting DSIF into an activator (25) (26) (27) , and phosphorylates Ser2 on the C-terminal domain of Pol-II. The overall result is the unleashing of Pol-II and a number of the other proexpression activities, including H3K4 methylation and assembly of splicing factors (28, 29) .
Here, we analyzed the genome-wide impact of Aire on elongation, mapping its chromosomal interaction sites and testing, in primary MECs ex vivo, the hypothesis that Aire affects Pol-II complexes nonproductively stalled at the promoter of its target genes.
Results
Pol-II stalled at the transcriptional start sites (TSS) results in the accumulation of short RNAs (30) (31) (32) (33) . Because MECs are far too rare for direct analysis of transcriptional elongation, we sought to identify the hallmarks of elongation control through microarray Data deposition: The data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE33878). analysis, with expression profiles generated from sorted MECs of Aire-knockout (KO) and WT mice on the C57BL/6 (B6) × NOD (GEO GSE33878). These experiments used Affymetrix MoGene ST1.0 microarrays, which include many short probes ("features") spread across the whole length of the mRNA, with several probes for each exon. We reasoned that analysis of the array data 
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P= n.d. at the feature level might reveal a footprint of Aire's effects on elongation, either at the very beginning of the gene (if Aire were to release stalled polymerases) or spread more uniformly throughout the target genes (if it were to generally facilitate elongation). We developed an R-implementation of the PLATA algorithm, a software tool that detects differential splicing through an imbalance of signals from individual exons relative to the entire gene (34) . In effect, the algorithm detects in the KO data the over-or underrepresentation of intensity for single features relative to the whole gene, the relative efficiency of the feature being normalized by the feature/gene ratio observed in the control WT dataset. Analysis of ST1.0 profiles of Aire-induced genes in MECs from Aire-KO and WT mice showed a much greater proportion of imbalanced exons for the first than for internal exons (at greater than twofold relative variation from gene-level and t test P < 0.05). Such a skew was not observed for Aire-neutral or Aire-repressed genes (Fig. 1A) . We then analyzed the directionality of these imbalances by plotting the expression values of each imbalanced exon relative to the whole transcript in WT vs. KO MECs. The directionality of these imbalanced exon1s was completely skewed, with higher signals in Aire-KO relative to WT MECs (Fig. 1B , Left), indicating that these sequences were always overrepresented in RNA from KO MECs relative to the rest of the transcript. In contrast, there was no such bias with imbalanced internal exons, which likely reflect differential splicing that Aire could potentially influence in either direction (Fig. 1B, Right) .
To better understand this imbalanced representation of first exons in Aire-induced genes, we selected transcripts presenting an exon1 imbalance and plotted the expression value at each feature relative to its distance from the TSS. In Aire-KO MECs, a sharp drop was observed between features located within 200 bp of the TSSs and those further downstream (Mann-Whitney P = 2.10 −16 ) (Fig. 1C, Left) . This drop was absent for the same genes in Aire-WT MECs (Fig. 1C, Right) . For a broader perspective on Aire-activated genes, we analyzed all genes induced at least twofold by Aire, calculating the WT/KO ratio for each feature. For many of those features mapping in the first 50-100 bp from the TSS, the ratio remained mainly around 1, increasing only further 3′ [Fig. 1D , scatter plot of all features (Upper), or after averaging WT/KO ratios within a sliding window (Lower)]. This drop in expression after 50-100 bp in KO MECs, coming after signals comparable to those of WT, suggests that initiation of transcription of Aire target genes by Pol-II occurred normally even in the absence of Aire but that elongation was quickly extinguished, a block that could be lifted by Aire.
As a comparator, we analyzed published ST1.0 datasets from cells for Klf4 (35), a conventional DNA-binding transcription factor whose levels of induction of target genes are comparable to Aire. In Klf4-KO cells, there was no drop in the expression signals distal to the TSS (Fig. 1E) , actually just the opposite, which we interpret as reflecting the involvement of additional TSS downstream of the canonical TSS (36) .
To validate this means to evaluate the impact of transcriptional regulators on Pol-II elongation, we generated ST1.0 datasets from 4D6 cells treated with flavopirodol, an inhibitor of CDK9 (the enzymatically active half of P-TEFb), which prevents polymerase release and inhibits Aire-driven induction of the four Aire-sensitive genes that we tested ( Fig. 2A) . Transcripts in flavopiridol-treated cells seemed quite similar to Aire-induced transcripts in MECs, with a drop in average expression after 100 bp (Fig. 2B) .
Last, we analyzed published ST1.0 datasets from KOs or knockdowns of sequence-specific transcription initiation factors [Foxl2, LMX1B, and Stat3 (37-39)] or factors involved in the stalling or release of Pol-II [CDK8, which encodes a kinase found in some variants of Mediator, a complex known to regulate the recruitment and activation of P-TEFb (40, 41)]. We selected the genes induced by each factor that presented an exon1 imbalance and calculated from the KO datasets a "proximal-distal" index, the difference between the median of the single-probe expression values within 200 bp of the TSSs and those farther away. As Aire, the factors involved in elongation (CDK8, or flavopiridol treatment) showed a positive index, whereas initiation factors had a negative index (Fig. 2C) . This difference between the signature of initiation and pause-release factors further substantiates the localization of Aire's effect to the release of stalled Pol-II.
This inference that Aire effects Pol-II release on its target genes rested primarily on analysis of the resulting transcripts; it seemed important to analyze by independent means the global effect of Aire on the positioning of Pol-II on the genome. We performed ChIP coupled to high-throughput sequencing (ChIPseq), mapping Aire and Pol-II on the genome. To achieve the high cell numbers needed for this technique, we used 293 cells in which we previously showed Aire to be transcriptionally active upon transfection (8) . Two independent experiments were performed (Table S2) , with highly concordant results. Signals for Aire were weaker than for Pol-II, such that only 1,562-11,400 enriched regions were detected at a statistical significance of 10 −5 or better (23) vs. 38,900 for Pol-II. As illustrated for two typical genes, Aire was detected primarily, although not exclusively, at the TSS regions, with a local distribution coinciding with the peak of Pol-II (Fig. 3A) . On representations at higher resolution, the peak of Aire binding largely overlapped with that of Pol-II (Fig. 3 B and C) . Integrated heatmaps of the distributions are shown in Fig. 3D , ranked relative to mRNA expression levels in 293 cells. The strongest Aire binding was seen on genes with the highest expression, and correspondingly the highest Pol-II density at the TSS (Fig. 3D) . This general correlation of Aire binding with the density of Pol-II was independent of Aire's transcriptional effect, because most of the genes displayed in Fig. 3D are not notably influenced by Aire. This distribution of Aire around the TSS was not an immunoprecipitation artifact, as evidenced by the use of an irrelevant control antibody in an independent ChIP-seq experiment, in which Aire binding was tested at two time points after transfection (Fig. 3E) . The complex around the TSS actually leads to an underrepresentation of the region in control precipitates.
These results do not agree with an earlier report from a more limited ChIP-on-chip experiment (42) , which indicated a random distribution of Aire. This discrepancy likely stems from the lower sensitivity and span of the ChIP-chip, but perhaps also because stable AIRE transfectants were used in the ChIP-chip study.
The correlation of Aire and Pol-II density was surprising because it is known that it predominantly influences poorly transcribed genes. To further analyze Aire's specificity of action, we plotted the expression level for each gene vs. the total Pol-II in a 500-bp window around its TSS, in control-transfected 293 cells (Fig. 4A) . As expected, the most active genes had the most Pol-II bound at the TSS. Genes sensitive to Aire induction (determined from microarray analysis of Aire-transfected 293 cells, fold change >2; red dots in Fig. 4A ; Table S3 ) showed a skewed distribution, generally displaced toward higher levels of Pol-II compared with the general distribution of all genes (ANOVA P = 5.2 × 10 −14
) or of Aire-repressed genes (fold change <0.5; blue dots in Fig. 4A ). This excess of Pol-II relative to the steadystate transcript levels was also seen in the representation of . 4B , where the local density of Pol-II around the TSS was compared for Aire-induced genes and a set of Aire-neutral genes matched for expression levels. The disposition of Poll-II was similar, but the levels were higher for genes susceptible to activation by Aire. Thus, although Aire bound the TSS of all genes, those that responded to its presence had a surfeit of TSS-bound Pol-II relative to their activity, consistent with an impact on stalled Pol-II.
Next, we examined the effect of transfected Aire on the distribution of Pol-II on Aire-induced or Aire-neutral genes, by comparing ChIP-seq datasets from control and Aire-transfected 293 cells. With the same gene expression vs. TSS Pol-II representation as above, there was a shift after Aire transfection, with a normalization of the discrepancy between the density of Pol-II and expression levels in Aire-induced and -neutral genes (Fig.  4C) . These patterns were consistent with the conclusion that Aire affects the release of stalled Pol-II on its target genes.
Discussion
The function of Aire-dependent ectopic gene expression in MECs is the display of a wide array of proteins to impose selftolerance on the differentiating thymocyte pool, clearly an unusual challenge to gene regulation. The present results provide two important insights into its mechanism. First, that Aire's activity in MECs is associated with release of stalled polymerases. Second, that there is a disconnect between its physical targeting in the genome: although Aire localizes to all Pol-II-rich TSS, it preferentially affects only a subset of them.
A unique approach to analyze gene expression profiles from MECs of adult mice revealed, in the absence of Aire, a relative overabundance of short transcripts from Aire's target genes, similar to those typically produced by stalled polymerases (30) (31) (32) . The validity of this mode of analysis was confirmed by testing in a similar manner the transcriptional footprint of several known transcriptional initiation factors and of flavopiridol, a pharmacological inhibitor of P-TEFb and, thereby, transcriptional elongation. This unique application of feature-level microarray analysis to the detection of products of stalled polymerases may have more general use, because it requires considerably fewer cells than ChIP-seq or RNA-seq and can be applied retrospectively to existing microarray datasets. Interestingly, the profile observed in Aire's absence (quasi-normal abundance of RNAs immediately downstream of the TSS, followed by a rapid drop) was different from that observed with Klf4, with which TSS-proximal signals in its target genes varied in lockstep with the rest of the gene.
The ChIP-seq analysis also brought a unique perspective: within the limits of sensitivity of our detection, Aire seemed to bind all TSS regions, and the highest amount of Aire was found on the promoters with the most Pol-II. Pol-II-rich promoters are also those with the highest density of NELF (23, 43) . Of all of the promoters to which it bound, Aire activated only a subset, and Aire-induced genes were those that had, in the absence of Aire, a surfeit of polymerases relative to their final expression levels. These are characteristics of genes with stalled polymerases and, indeed, the introduction of Aire relieved the relative surfeit of bound polymerases.
If Aire and its allies partake in pause release, how is this accomplished at the biochemical level? One might propose that one or more of the factors identified in a screen for Aire-interacting proteins (8) may be involved, in particular the elongation-promoting Top2/FACT/DNA-PK complex, which may help release the elongation block. In addition, we have recently identified several cofactors of Aire transcriptional activation in a large-scale RNAi screen; some of the factors identified in this screen are likely to influence the release of stalled polymerases (e.g., HEXIM1, which sequesters P-TEFb), and it will be important to elucidate these molecular details.
Thus, we propose that Aire's action may operate according to the following scenario. First, upon its induction in terminally differentiated MECs, Aire would generically "land" on Pol-IIrich promoter regions, its functional selectivity not being due to this original recruitment but to the state of Pol-II complexes, such as abundance of NELF or DSIF, and perhaps to local histone marks such as H3K4me(0), which Aire binds electively and functionally (9, 10) . Aire would then boost the recruitment of several transcription-promoting factors, relieving inefficiencies at elongation and processing steps. This "sluggish" gene state that Aire targets may result from the absence in thymic epithelial cells of the cognate transcription factors that drive tissue-specific expression in their "normal" cell type. This model explains many previously noted features of Aire's activity: how it can activate so many loci, why the targets vary from cell type to cell type (7), and why PTAs are preferentially targeted. Is this mode of transcriptional control unique to Aire? Myc and Tif1g have also been shown to relieve stalled polymerases to achieve distinctive footprints (22, 23) . One can imagine situations in which such a form of control might be advantageous, for instance in transcriptional reprogramming, and it may not be a coincidence that Aire is also present in the testis and ovary. It is also possible that terminally differentiated MECs are by nature particularly open to such effects, and it is important to recall that some degree of PTA expression occurs in MECs, even in Aire's absence. From a teleological standpoint, generically unleashing sluggish genes with blocked polymerases would seem an effective strategy to achieve widespread induction of silent genes and thus drive the induction of organismal tolerance.
Materials and Methods
Gene Expression Profiling. Total RNA, isolated from sorted MECs of 4-wk-old individual mice, was profiled as previously described (44) on Affymetrix Mouse Gene ST1.0 arrays. For feature-level analysis, normalized feature-level expression files, generated by aroma.affymetrix, were processed with an Rimplementation of the PLATA algorithm (34) , and the expression of a given exon was flagged as imbalanced if the ratio between exon WT/KO fold change to transcript WT/KO fold change was >2 or <0.5, with a t test P value <0.05 for a WT vs. KO comparison of expression values of all features mapping to the exon, after normalization to whole-transcript expression. An index was then computed as the ratio of the medians of expression values in promoterproximal (TSS to 200 bp) vs. distal (>200 bp) features of the microarray.
Chromatin Immunoprecipitation. 293FT cells were transfected for pCMVTag2C (control) or pCMV-Tag2C containing FLAG-tagged murine Aire (Aire) with TransIT-293 Transfection Reagent (Mirus). The cells were cross-linked by formaldehyde 48 h after the transfection for ChIP, as previously described (23) . Antibodies used are as follows: total Pol-II: Santa Cruz sc-899; FLAGtagged Aire: Sigma (M2 antibody) F1804; control IgG: Santa Cruz sc-3877. For ChIP-seq analysis, Illumina sequencing and analysis were as previously described (45) , and sequence counts integrated in 25-bp bins, with plots generated in R. A detailed description of data analysis is provided in SI Materials and Methods and Dataset S1.
